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We consider the effects in the production via gluon fusion in LHC
collisions of one or two spin-zero new resonant particles Φ that decay
into a top quark pair. We revisit previous analyses of the interferences
between the heavy-fermion loop-induced gg → Φ → tt signal and the
continuum QCD background gg → tt. We show that in the presence of
standard model fermions only in the gg → Φ loops, the interference effect
is destructive causing a dip in the tt mass distribution. Including New
Physics such as additional vector–like quarks leads to a totally different
picture as the line-shape can be distorted by peaks and dips. For the time
being, the absence of such effects in ATLAS and CMS data constrain
models of the production and decays of the Φ state(s).
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1 Introduction
The tt final state has significant continuum background, which presents opportunities
as well as problems. Interference effects on the line-shape of the top quark-antiquark
invariant mass distribution may be able to provide information on both the real and
imaginary parts of the loops involved in the gg → Φ → tt amplitudes, providing
supplementary constraints on the properties of one or two new state(s) [1].
There have been pioneering analyses of possible interference effects in the decays
of a spin-zero resonance into a top quark pair, in both the Standard Model [2] and a
two–Higgs doublet model [3].
As it is known, if the gg → Φ cross section is generated by the top quark loops
only, the interference is destructive with the net effect of a dip in the measured tt cross
section beyond the nominal position of the resonance peak. In contrast, we find that
if additional heavy quarks contribute to the production amplitude, the interference
can become more involved being destructive before and constructive after the mass
peaks, for example. The magnitudes of these dips and peaks, which could be measured
experimentally, depend on the masses and couplings of the new spin-zero resonances
and also potentially to the new particles involved in the initial loop gg → Φ.
The ATLAS and CMS collaborations have released analyses of tt production at
the LHC at 8 TeV, 13 TeV [4, 5] give no indication of any structure up to ∼ 3.5 TeV,
setting limits on any downward or upward deviations of the differential cross sections
from the background that can be used to constrain the properties of possible new
mediating particles. Since Φ → tt decay is the dominant mode in many scenarios
Beyond the Standard Model as the low tan β region of the MSSM [6], future LHC
data should allow any new state to be observed in this channel, and these genuine
interference effects should be incorporated in order to properly interpret any New
Physics signal, or its absence.
2 Interference in gg→ Φ→ tt
Figure 1: Leading-order Feynman diagrams for the continuum QCD background (left)
and the resonant Φ signal (right) in the process gg → Φ→ tt.
The leading-order Feynman diagrams for the QCD background gg → tt and the
1
signal gg → Φ→ tt are shown in Fig. 1. The helicity amplitude of the gg(→ Φ)→ tt
process, when the contributions of the continuum backgrounds and a single resonant
signal process are added, is given by
AΦgg→tt = AΦbck +AΦsig, with AΦsig = Asigeiφsig
M2Φ
sˆ−M2Φ + iMΦΓΦ
,
where the expression of the helicity amplitude of the QCD background (real number)
AΦbck can be find in [2]. Concerning the helicity amplitude of the signal, AΦsig, we
factor out the Breit-Wigner propagator of the resonance amplitude. Asig and φsig
are respectively the magnitude and the phase of the signal amplitude. The signal
amplitude can be decomposed into the gluon fusion production of the Φ state and its
tree-level decay, Asigeiφsig = AggΦAΦtt. We then realize that the complex phase for
the signal, φsig, can be generated by loop diagrams involved in the process gg → Φ. In
order to compute the cross section we will have to square the total helicity amplitude,
|AΦ
gg→tt|2 = AΦbck
2
+ |AΦsig|2 + AΦbck × 2<(AΦsig). The second term is the usual Breit-
Wigner (peak) contribution and the last term is the so called interference contribution
which is most of the time negligible and then disregarded in many phenomenological
analyses. However in our case study, this contribution leads to dramatic experimental
signatures which could allow us to discover New Physics.
In the case where the loop factor AggΦ does not acquire any phase (which corre-
sponds to heavy fields circulating inside the loop regarding the resonance mass) then
the interference term take the form 2AΦbckAsig M
2(sˆ−M2)
(sˆ−M2)2+M2Γ2 , where M,Γ are the mass
and width of the new resonance and sˆ is the partonic center of mass energy. We
notice that when the resonance is produced on-shell, there is no interference effect
and that this contribution is entirely antisymmetric around M (regarding sˆ), which
means that the total cross section is not altered by such effect. Such contribution can
be visualized by the dashed red line in Fig. 2.
In the case where the loop factor AggΦ is a complex number (which corresponds to
light fields circulating within the loop such as the top quark of the Standard Model)
then the interference term take the form
2AΦbckAsig
(
cosφsig
M2(sˆ−M2)
(sˆ−M2)2+M2Γ2 + sinφsig
MΓ
(sˆ−M2)2+M2Γ2
)
, where the first term comes
from the real part of the propagator as the previous case, however the second term is
a new contribution which comes from the imaginary part of the resonance propagator.
We notice that this new contribution does not vanish on-shell and does contribute to
the total cross section. Such effect can be visualized by the solid red line in Fig. 2.
Consequently, we realize how the line-shape of the top quark pair invariant mass
distribution might be distorted by New Physics (namely the mass, width and cou-
plings of the potentially new resonance but also the mass and couplings of the poten-
tially new fields contributing to the loop induced coupling).
The left panel of Fig. 2 shows the results for a singlet scalar H for which ΓH ≈
Γ(H → tt) = 30 GeV with a unit-normalized coupling gHtt = −1 (the minus sign is
2
defined relative to the sign of the standard htt coupling). We display separately the
interference in the real part (dashed red line) and the interference in the imaginary
part of the production amplitude (solid red line), as well as the line-shape without
any interferences (solid blue line) and with interferences (solid green line).
The interference coming from the real part of the propagator changes sign across
the nominal H mass, whereas the interference coming from the imaginary part (which
is only due to the top quark loop in gg → H production here) is larger in magnitude
and always negative. This is why, the combined interference effect overwhelms the
putative peak and is negative, resulting finally in a mtt distribution with a dip. The
depths of the dip almost reach the ATLAS 2-σ lower limit. However, when integrated
over the ATLAS bin the net effect would be < 1σ. We note that the dip is not
symmetric about the resonance mass, M, and greater sensitivity to interference effects
could be obtained by comparing off-centre bins [M−X,M ] GeV and [M,M+X] GeV,
where the choice of X depends on the attainable mass resolution. However, the dip
structure in the very small width case ( 1 GeV) is unlikely to be unobservable because
of the poor resolution in mtt.
In all the Figures we show the results of calculations of the ratios
(S + B)/B = (signal + background)/(background alone),
for several scenarios. Both CMS and ATLAS have published measurements of the tt
cross section as a function of mtt, providing also values of the ratio of the data to
smoothed fits to the background (the ATLAS 8-TeV data [4] are more constraining,
so we focus on them). The result is displayed in our plots as 1- and 2-σ green and
yellow bands. The data were used in [4] to present upper limits on peaks above
the background. However, we show that the data could be more significant for the
constraints they impose on dips below the background level.
We display on the right panel of Fig. 2 the combined effects in the 2HDM with
a resonance masses of 750 GeV for the pseudoscalar A and 766 GeV for the scalar
H and corresponding decay widths ΓA ≈ Γ(A → tt) = 36 GeV and ΓH ≈ Γ(H →
tt) = 33 GeV. The solid blue line is the result that would be obtained neglecting any
interference effects, the dashed red line is the contribution of the interference term,
and the solid green curve is the combination of both. We assume here that the top
quark only contributes to the gg → H,A production amplitudes. We see that the
interference effects in this case cause a dip that is presumably excluded by the ATLAS
8-TeV data at the 2-σ level.
3 New Physics in the Loop
As already mentioned, the gluon-gluon-Φ vertex involves the famous loop functions
(the analytic expressions and various plots can be find in [1]). As it is well known,
they posses a characteristic jump at the energy threshold
√
sˆ ' 2mf , where mf is
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Figure 2: The contributions to the line-shapes of a CP–even H → tt with mass
750 GeV and total width ΓH = 30 GeV (left panel) and the contributions to the
combined tt line-shape of a CP–odd A with mass 750 GeV and 36 GeV width and a
CP–even H with mass 766 GeV and 33 GeV width, with 2HDM couplings, neglecting
interference (solid blue line), the contribution of interference (dashed red line) and
the combination of the two (solid green line).
the mass of the particle running in the loop (the top for example as we considered
so far and eventually extra vector-like quark or supersymmetric top quark as we
will study in the following). As an example, for heavy fermions, whose mass satisfy
mf 
√
sˆ/2, the loop function is entirely real, almost constant and non vanishing.
This leads to the well known fact that any heavy chiral fermion which acquires its
mass through the Higgs mechanism will contribute to the gluon-Higgs coupling by
a constant amount ∝ αs/v (which is the reason why a fourth fermion generation is
currently excluded). When the partonic center of mass energy crosses the energy
threshold, 2mf , the loop fonction develops an imaginary part which will add a new
contribution to the interference terms as we detailed before. This new phase will
not only induce the imaginary part of the propagator to contribute to the total cross
section but it will also modulate the real and imaginary contributions, practically
speaking, it will amplify or diminish the peak and dip structure against the dip only
one. In the scenario, φsig = pi/2, only the interference effect due to the imaginary part
of the propagator exists and then the line-shape of the mtt distribution has a pure
dip interference structure. This corresponds to a scalar resonance mass of ∼ 1.2 TeV
or a pseudo scalar mass of ∼ 850 GeV. On the contrary, in the scenario, φsig = pi/4,
the interference effects due to the real part and the imaginary part of the propagator
are of comparable strength and then the line-shape of the mtt distribution have a
subtil mix between a peak and dip interference structure and a pure dip effect. This
corresponds to a scalar resonance mass of ∼ 550 GeV or a pseudo scalar mass of
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Figure 3: The contributions to the line-shapes of a CP–even H → tt with mass
750 GeV and total width 30 GeV, showing the effects of varying numbers of vector–
like quarks with masses 800 GeV. The left panels neglect interferences, which are
included in the right panels.
∼ 450 GeV.
Vector-like quarks are a perfect example to visualize the modification of this phase
due to an imaginary loop factor. Contrary to chiral fermions, vector-like quarks would
decouple and then do not contribute anymore to the gluon-Φ vertex, but as we will
see substantial deviation can be obtained for masses around the TeV scale. Fig. 3
shows the effects of including different numbers of vector-like quarks Q in the loop
responsible for gg → H, assuming ΓH = 30 GeV and common Q masses of 800 GeV
and universal positive, unit-normalized HQQ couplings. In the absence of interference
(left panel) we see that adding 6 or 8 such heavy vector-like quarks takes the peak
outside the 2-σ ATLAS range. However, the right panel reveals a different picture
when interference effects are included. There are dips for N = 0, 2, 4, 6, 8 vector-like
quarks, but there are also significant peaks for N = 6, 8, in particular. The net result
of integrating over the ATLAS [720, 800] GeV bin would lie within the 2-σ range.
However we see again the potential gain in sensitivity to the interference coming
from the real part of the propagator (antisymmetric interference effect) that could be
obtained by using off-centre [750−X, 750] GeV and [750, 750 +X] GeV bins.
The interesting scenario where stops would participate to the induced gluon-Φ
coupling has been studied by Carena and Liu [7]. It has been concluded that in the
case of small Left-Right mixing the stop contribution is typically negligible compared
to the Standard Model top quark contribution. However in a scenario with a large
Left-Right mixing the stop interference effect would dominate the top quark contri-
bution. This would transform the pure dip structure associated to the top quark into
a typical peak and dip structure.
5
4 Conclusion
The interference effects are quite complex and their measurement would provide in-
formation on both the real and imaginary parts of the gg → Φ amplitude. Negative
interference effect may cause the total cross sections to exhibit a dip instead of a
bump, invalidating limits on resonances based on putative bump (Breit-Wigner) sig-
natures. This occurs, for instance, in the case where the production of the Φ states
is initiated by the standard model top quark loops only. The presence of additional
vector–like quarks or supersymmetric top quarks might change the situation since
peaks followed by dips might occur, whose analysis would require judicious off-centre
binning.
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